We study 30-nm chromatin fibre restricted in a nanofluidic channel with square cross-section using Monte Carlo (MC) simulations. The chromatin fibre is modelled as cylinders-on-a-string with six alterable angles. The effects of the channel width and max E on the configuration of the chromatin fibre are investigated in detail. Our results show that the channel width has a considerable influence on conformational characteristics of the chain. It is found that at large max E , the chromatin fibre undergoes a conformational transition from stretched state to coiled state with increasing the channel width. Additionally, the influence of the channel width is lowered with enhancing max E . At small values of the channel width, the chains for different max E exhibit a similar structure, namely, a stretched conformation.
Introduction
Chromatin fibre plays a crucial role in living organisms because its dynamic organization is a key factor for controlling the regulation of gene expression such as replication, transcription, repair and recombination. In most eukaryotic organisms, 147 base pairs of the double helix DNA wrap around a histone protein octamer in 1.67 turns forming a flat disk complex, also known as the nucleosome core particle. Many nucleosomes are connected by linker DNA forming a fibre-like structure with a diameter of about 30nm , the so-called 30nm fibre [1] [2] [3] .
The aim of this work is to study the structure of the chromatin fibre in a nanofluidic channel using Monte Carlo (MC) simulations. Although microscopy is the most direct approach to observe the structure of the chromatin fibre, it is still difficult to see clearly its inner structure because the chromatin fibre always undergoes a process of condensation and decondensation during the cell cycle in vivo. During the cell cycle, most of the chromatin is inactive, which is the reason why most of the time, the chromatin fibre is in a condensation state [4] . Thus, to provide insights into the details of the interactions between nucleosomes, it is necessary to introduce some methods to make it be in a decondensation state. Experimentally, some methods of manipulating a single chromatin recently have been used to investigate the stretching properties of chromatin fibre. Cui and Bustamante used force-measuring laser tweezers to pull a single chromatin fibre at room temperature [4] . Streng et al. have investigated the stretching of chromatin fibre confined in a nanofluidic channel with the square cross-section of 2 
80nm
× and length of about hundreds of microns long [5] . Aumann et al. simulated the stretching of a single 30nm chromatin fibre using MC method [6] . They found that the chromatin fibre does not behave as an isotropic elastic rod and its rigidity depends on the direction of deformation.
The interactions between individual nucleosomes can critically affect the folding of the nucleosome chain into a chromatin fibre [1] . Generally, the structure of chromatin fibre in nature is irregular and the length of the linker DNA is also varied. It is found that changing the length of the linker DNA will induce a variation of the angle between two neighboring nucleosomes since increasing the length of DNA by 10bp will increase one turn of the helix. Nevertheless, the internucleosomal potential can balance the influence due to the change of the linker DNA length. In early fibre models, the internucleosomal potential is described via the Lennard-Jones (LJ) 6-12 potential. Although the LJ potential is an effective representation of the short-ranged attractive and repulsive interaction between two points, it is still time consuming because of the fact that many points need to be employed. Subsequently, some modification of the overlap potential was made Gay and Berne [7] . Since then this modified potential has been widely used in many simulations of the chromatin fibre. Recently, Zewdie [8] developed a single site anisotropic pair potential which is more suitable for computer-simulation studies of systems consisted of disk like molecules because the nucleosome particle core is always described in most models as a circular cylinder.
In the previous simulations, the two-angle zigzag model has been used to simulate the chromatin fibre [9] . In this model, the movement of the fibre are implemented by varying the torsion angle between two neighboring nucleosomes and the opening angle between two linker DNAs in the plane parallel to the top and bottom surfaces of the nucleosome cylinder. Recently, Kapper et al. have developed a six-angle model to simulate the chromatin fibre [10] . In their simulations, two fibre types, namely twostart helices with crossed-linker DNA and inter digitated one-start helices, can be obtained through changing the parameters in their model. More recently, Aumann et al. [11] have modified the two-angle model proposed originally by Woodcock et al. [12] and drawn the conclusion that three-start helix chromatin fibre can be observed using their model although it has not been found in experiments.
In this work, the conformational transition of chromatin fibre confined in a nanofluidic channel is examined using MC simulations. To the best of our knowledge, there are few reports to investigate the influence of both energy parameters and nanoconfinement simultaneously on the fibre structure. Only one experiment on the stretching of chromatin via confinement is performed [5] . Here a series of chromatin fibre conformations are obtained at different values of the energy parameter max E and various channel widths. The remainder of the paper is organized as follows. In the next section we introduce the model system followed by the details of the MC simulations. Following that, the simulation results under different max E and channel widths are presented. Conclusions are given in section.
Simulation Model and Method

Model and potentials
The chromatin fibre is restricted in a nanofluidic channel with square cross-section ( Figure 1 ). The channel width is in the range from 50nm to 100nm . DNA is modelled as a flexible elastic polymer chain and each nucleosome core particle is represented by a circular cylinder with diameter of 11nm and height of 5.5nm . Six-angle model [10] is used in the present simulations. In the previous two-angle model [13] Tab. 1. Parameters used in the simulations. For the six-angle model, in addition to α and β , the model also includes the opening angle γ between two linker DNAs in the plane parallel to the nucleosome cylinder axis (Figure 2(C) ) as well as the other three angles describing the orientation of the nucleosome core particle relative to the linker DNA, corresponding to δ , φ and ε in Figure 2 (A) and Figure 2 (B). The elastic energies of the linker DNA including stretching potential, bending potential and torsion potential are assumed to be harmonic as follows [9] :
where str k , bend k and tor k are the stretching, bending and torsion modulus of the linker DNA, respectively. 0 l is the equilibrium length of the linker DNA. θ and ϕ denote the bending angle and the torsion angle, respectively. The electrostatic repulsion [8, 14, 15] between the i th and j th DNA segments (Figure 2(D) ) is described by a Debye-Hückel approximation:
where ν is the charge per unit length, D is the dielectric constant of water. ij r is the distance between two points on the i th and j th segments, respectively. κ is the inverse of the Debye length.
The attractive as well as repulsive contribution of internucleosomal interaction ( Figure  2(D) ) is modelled by the Zewdie potential [8] . The parameters of the Zewdie potential used here are the same as those introduced by Stehr et al. [16] . The Zewdie potential can be expressed as follows: 
where 0 σ and σ are the distance scaling parameter and the range function; 0 ε and ε are the well depth and the strength function. A detailed description and the values of parameters for this potential are given in Ref [16] .
Results and Discussion
The work reported in this paper has sought to study how a single chromatin fibre with different values of max E can be stretched when it is restricted in a nanofluidic channel with square cross-section. Initially the chromatin fibre is placed in a channel with width of 30 c L nm = , which is approximately equal to its diameter (not shown here). As expected, the chromatin fibre is strongly stretched, indicating that the channel is so narrow that the pivot move used in Metropolis Monte Carlo simulations is completely limited.
Thus, the freedom degree of the chromatin fibre in the y and z directions is frozen, resulting in fully stretching of the chromatin fibre. In the paper, to make it clear that whether the chromatin fibre can be stretched in a nanofluidic channel, the nanochannel width is chosen to be at least 50nm and below 100nm . The fibre mass density and the fibre diameter obtained in our simulations are given in Table 2 .
As seen from Table 2 , the fibre diameter is about 30nm in the cases of 50 c L nm = and 100nm , which is consistent with those measured in related experiments [17] . Moreover, the value of fibre mass density is from 3 to 5 nucleosomes per 11nm, which is quantitatively in agreement with other simulations [10] . It reveals that although the chromatin fibre is confined in a nanofluidic channel, its some basic properties still keep unchangeably. Figure 4 gives the simulation snapshots of a single chromatin fibre at max 1. [18] . Thus, the external force and nanoconfinement have similar effect on the conformations of the chromatin fibre. Nevertheless, for the nanoconfinement case, the chain stretching is due to the wall repulsion and no external forces are required. Compared to some other stretching techniques, the nanoconfinement may be more feasible and convenient way, and the method of stretching by confinement in a nanochannel can be extended from DNA to chromatin [5] . A fibre shape coefficient (FSC) is introduced here to evaluate the shape of the chromatin fibre ( Figure 5 ). One finds that the conformations of the chromatin fibre with a FSC value greater than 0.75 are considered as a fibre-like structure. At the smallest channel width, 50
, a fibre-like structure is formed at all values of max E investigated. With increasing the channel width, FSC decreases up to below critical value at high max E , i.e., max 9 E kT = and 12kT , indicating that aggregated structure is formed. Nevertheless, the fibre state is not affected by the channel width at small values of max E . As shown in Figure 5 , FSC almost remains constant at max 1.5 E kT = and 3kT . At high values of max E , the FSC in the case of small channel widths is larger than that in the case of large channel widths.
To examine the dependence of stretching of the chromatin fibre on the channel width, the stretching length x L in the x direction is calculated. The stretching length can be expressed as As shown in Figure 6 , the stretching length increases as the channel width reduces. Although there is a large g R at low max E , increasing the channel width has a weak contribution to g R . As discussed above, the chromatin fibre exhibits a stretching conformation at low max E whether or not it is restricted. In contrast to g R , the projection of the radius of gyration on the yz plane, yz R , decreases with enhancing the confinement (Figure 8 ). One can find that at small channel widths, the data fall in a single straight line. This feature means that the chromatin fibre is fully in contact with the channel wall for all cases of max E . So far, there are few available simulation results about the stretching of the chromatin fibre by the nanoconfinement. Thus, a comparison cannot be carried out in the present paper. Nevertheless, many results on the DNA stretching by the nanoconfinement have been reported [19] [20] [21] . Generally, the stretching of DNA in a channel is in combination with other strategies, i.e., oscillatory shear flow [19] , electrophoresis technique [20] and shear flow stretching by fixing one end of DNA [21] . Compared to the DNA stretching, the chromatin stretching is far less studied. In future publications, we will apply the stretching techniques of DNA to the chromatin fibre to study its stretching conformation. 
Conclusions
In this paper we study the stretching of the chromatin fibre in a nanofluidic channel using Monte Carlo simulations. The effect of the channel width and max E on the chain stretching is discussed. For all values of max E investigated, when decreasing the channel width, the chromatin fibre will extend along the channel direction. Compared to the case of large max E , the chromatin fibre at small max E has a weak dependence on the channel width. At large max E , the channel width has significant influence on the chain stretching and a conformational transition from condensed state to stretching state is observed upon increasing the channel width. In the present model, the number of nucleosomes is relatively small. If more nucleosomes include in the model, it would be interesting to learn how the chromatin fibre folds into the high-level structure. Additionally, we only present data on the case of the nanochannel with square cross-section. Further works should be performed to put the chromatin fibre in a channel with other cross-sections, i.e., circle and trapezoid. The results of this work may be helpful for studying the process of condensation and decondensation of the chromatin fibre during the cell cycle in a new angle of view.
